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Abstract. A 500-MHz 'H-NMR study on the sin-
gle-stranded DNA undecamer (11-mer) 5'd
AAGTGTGATAT is presented. Using a combina-
tion of one-dimensional pre-steady-state nuclear
Overhauser enhancement (NOE) measurements and
two-dimensional homonuclear J-correlated spectro-
scopy, virtually complete resonance assignments are
obtained. The relative magnitudes of the intra- and
internucleotide NOEs indicate that the overall struc-
ture of the single-stranded 11-mer is a right-handed
B-type helix with extensive base stacking. Within this
overall structure there is quite a large degree of
variability, as exemplified by variations in glycosidic
bond and sugar pucker conformations, most likely
determined by base sequence.
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Introduction

A variety of important cellular processes, such as
DNA replication, recombination and repair, all
require the presence of segments of single-stranded
DNA. In most cases these are generated from
double-stranded DNA by single-stranded DNA bind-
ing proteins and are intermediates for new dou-
ble-stranded structures (see Meselson 1967; Radding
1978; McEntee et al. 1981; Kornberg 1980; Kowal-
czykoswki et al. 1981, for reviews). Thus the
structural features of single-stranded DNA are of
considerable biological interest. In contrast to dou-
ble-stranded DNA where a wealth of fibre diffraction
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and more recently single-crystal data is available (see
Arnott et al. 1983; Rich 1983; Dickerson et al. 1983;
Viswamitra 1983; Wang et al. 1983, for reviews), the
only crystallographic data available on sin-
gle-stranded DNA is on the dimer dpTpT (Camer-
man et al. 1976).

Of the various physicochemical techniques avail-
able to study structure in solution, the nuclear
Overhauser effect (NOE), as measured by NMR
spectroscopy, is extremely powerful as it can be used
to demonstrate the proximity of two protons in space
and determine their separation (Noggle and Schirmer
1971; Redfield and Gupta 1971; Poulsen et al. 1980;
Wagner et al. 1981; Wagner and Wiithrich 1982;
Wider et al. 1982; Clore et al. 1984). Over the last
year, the application of NOE measurements to
double-stranded DNA oligonucleotides, up to 17
base pairs in length, has met with considerable
success (Reid et al. 1983a, b; Clore and Gronenborn
1983, 1984; Gronenborn et al. 1983, 1984; Scheek et
al. 1983; Hare et al. 1983; Weiss et al. 1984).
However, there have been no extensive NOE studies
on single-stranded DNA oligonucleotides. NMR
studies on single-stranded DNA oligonucleotides
have been limited to lengths of five bases or less
(Cheng and Sarma 1977; Olsthoorn et al. 1980;
Mellema et al. 1981; Neumann et al. 1982; Cheng et
al. 1982; Altona 1982). In all these studies, assign-
ment of resonances to individual residues was based
on chemical shift arguments, temperature depen-
dence of chemicals shifts and incremental procedures
relying on numerous subfragments, and structural
information was principally deduced from empirical
Karplus (1963) type relationships, relating dihedral
angles to three bond spin-spin coupling constants.

In this paper a NOE study on the single-stranded
DNA undecamer (11-mer), 5'd AAGTGTGATAT,
is presented. Using a combination of one-dimen-
sional pre-steady state NOE measurements and
two-dimensional homonuclear J-correlated spectros-
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copy (COSY), virtually complete resonance assign-
ments are obtained. From a qualitative interpretation
of the NOE data it is deduced that the single-stranded
11-mer predominantly adopts a B-type right-handed
helical conformation in solution.

Experimental

5'd AAGTGTGATAT was prepared from suitably
protected nucleosides by the solid-state phosphotries-
ter method and purified by ion exchange HPLC,
using a Partisil 10 SAX column essentially as
described by Gait et al. (1982). The sequence of the
11-mer was checked by DNA sequencing as described
by Maxam and Gilbert (1980). After desalting and
extensive lyophilisation, the 11-mer (final concentra-
tion 6 mM) was dissolved in 99.96% D,0 containing
500 mM KCl, 50 mM potassium phosphate pH* 6.8

(meter reading uncorrected for the isotope effect on
the glass electrode) and 0.1 mM EDTA.

All NMR spectra were recorded on a Bruker
AMS500 spectrometer operating in Fourier transform
mode with quadrature detection. NOE spectra were
recorded with a 90° observation pulse (pulse length
9 us), an acquisition time of 0.5 s (8K data points and
an 8.2-KHz spectral width) and a relaxation delay of
2s. The NOEs were observed by directly collecting
the difference free induction decay by interleaving
eight transients after saturation for 1s of a given
resonance, with eight transients of off-resonance
irradiation applied for the same length of time. J;.
coupling constants were measured from a spectrum
obtained with 64K data points for a 5.0-KHz spectral
width (0.15 Hz/point resolution). The two-dimen-
sional COSY spectrum was recorded with a sequence
of two non-selective 90° pulses (Aue et al. 1976;
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arise from low-molecular-weight impurities. The
expansions were resolution enhanced by multiplying
the free induction decay by a two-term exponential
function (Lorentz-Gauss multiplication) prior to
Fourier transformation



Wider et al. 1984): 90°-1,-90°-¢,. 1K data points were
sampled over a sweep width of 3,676 Hz in ,, and 256
t; values were obtained with 64 transients for each ¢
value. The time domain matrix was appropriately
zero-filled to end up with a 1K X 1K data matrix in
the frequency domain (corresponding to a spectral
resolution of 3.59 Hz/point) and prior to Fourier
transformation, the time domain matrix was multi-
plied by a sine bell in both # and ¢, directions. After
Fourier transformation the spectrum was further
improved by symmetrization (Baumann et al. 1981).
The final COSY spectrum is shown as a contour plot
in the absolute value (i.e., magnitude spectrum)
presentation. Chemical shifts are expressed relative
to 4,4-dimethylsilapentane-1-sulfonate (DSS). All
experiments were carried out at 30° C.

Results and discussion

Sequential resonance assignment

Figure 1 shows the 500 MHz 'H-NMR spectrum of
5'd AAGTGTGATAT in 99.96% D,O containing
500 mM KCI at 30° C. The two-dimensional COSY
spectrum is shown in Fig. 2 and permits the grouping
of sugar resonance to spin systems along the intra-
nucleotide pathway H1'—H2'/H2"—H3'—H4'—>HS5'/
H5". The chemical shift dispersion of the H3’

97

resonances is limited so that the intranucleotide
connectivity from the H3' to the H4' resonance
cannot be established unambiguously from the COSY
spectrum alone. This problem can, however, be
overcome by making use of NOE measurements (see
below) to connect the H1’ and H4' protons of the
same residue on the basis of their close spatial
proximity (< 4 A). In addition, the connectivity
between the H6 and methyl protons of the T residues
via their four bond spin-spin coupling is readily
observed in the COSY spectrum.

To assign resonances to protons of particular
residues we have made use of one-dimensional
pre-steady state NOE measurements (Wagner and
Wiithrich 1979; Dobson et al. 1982). These experi-
ments were carried out under conditions where the
magnitude of the NOE, Nj;, observed between the
resonances of protons i and j, is proportional to the
cross-relaxation rate oj; and hence to the reciprocal of
the sixth power of the distance r; ¢ between these two
protons. Under such conditions NOEs are only
detectable up to distances of ~ 5 A, beyond which
the effects fall to less than —1% and become virtually
unobservable, thereby enabling NOE sequential
resonance assignment strategies to be devised on the
basis of the known structures of right-handed DNA
(Reid et al. 1983a; Clore and Gronenborn 1983, 1984;
Scheek et al. 1983; Gronenborn et al. 1984). Figure 3
summarizes a comprehensive NOE strategy for the

ppm

Fig. 2. 500 MHz COSY spectrum of the
single-stranded DNA 11-mer between 1.5 and
7.5 ppm. The cross-peaks corresponding to the
H1' <> H2'/H2", H2' <> H2", H2'/H2" <> H3',
H3' <> H4', H4' < H5'/H5", T(H6) <> T(CHy)
connectivities are indicated by boxed regions
marked a—f respectively. The experimental 7+
conditions are the same as those in the Fig. 1
iegend

ppm 4 3 2
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Fig. 3. Schematic illustration of the intra- and internucleotide
interproton distances with values of < 5 A in right-handed DNA
which form the basis of the sequential resonance assignment
procedure by means of NOE measurements. The distance
relationships are applicable to both B- and A-DNA (Arnott and
Hukins 1972; Clore and Gronenborn 1983; Gronenborn et al.
1984)

assignment of all non-exchangeable proton reso-
nances (with the exception of the A(H2) protons
which are not part of the cross-relaxation network) in
right-handed single and double-stranded DNA
helices. The initial deduction of an approximately
right-handed helical conformation for the 11-mer is
based on assignment of resonances by means of NOE
measurements and is followed by refinement of the
structure on the basis of the NOE data. Additional
information derives from the demands and con-
straints presented by the J connectivities established
from the COSY experiment, the known sequence of
the 11-mer, the nature of the terminal residues, and
the directionality of some of the internucleotide
NOESs. As a result, the assignments are unambiguous
and the structural information deduced is reliable.

Systematic pre-steady state NOE measurements
were carried out by irradiating all the numbered
resonances in Fig. 1 in turn. The selective irradiation
pulse was applied for 1s and control experiments;
using different irradiation times for a few selected
resonances indicated that the initial rate approxima-
tion was valid under these conditions. All NOE
effects were reciprocal. Some examples of pre-steady
state NOE difference spectra are shown in Fig. 4. The

D \ x .
NWJ}’ )y % J\MW R
38
E 12
52 pu ‘ 29 5
P
50 ppm A-O 3-0 2-0

Fig. 4A—F. 500 MHz pre-steady state NOE difference spectra
(off-resonance minus on-resonance irradiation) on the sin-
gle-stranded 11-mer following irradiation of: A the To(CHj)
resonance 3, B the Ag(HS8) resonance 59, C the A;(H8) resonance
54, D the T,(H6) resonance 49, E the G;(H1') resonance 38, and F
the Ajo(H2'/H2") resonance 16. The assignments of the other
peaks seen in the difference spectra are given in Table 1. Note that
a decrease in intensity of a particular resonance is seen as a positive
peak in the difference spectrum. In A, the peak marked with a * is
due t0 an NOE from peak 2 whose magnetization has been slightly
perturbed by the tail of the selective irradiation pulse centred on
peak 3 (note that peaks 2 and 3 are separated by only 8 Hz). The
irradiating pulse was applied for 1 s for all NOE difference spectra
and prior to Fourier transformation the difference free induction
decays were multiplied by an exponential equivalent to a line
broadening of 4 Hz. 800 transients were average for each difference
spectrum. The experimental conditions are the same as those in the
Fig. 1 legend

resonance assignments are given in Table 1, the
complete set of NOEs is presented in Table 2, and a
summary of the observed internucleotide NOEs is
shown in Fig. 5. The interpretation of the complete
NOE data set was thoroughly checked for self-con-
sistency, as this stringent requirement provides an
easy and reliable check for possible assignment errors
(Reid et al. 1983a, b; Clore and Gronenborn 1983,
1984; Gronenborn et al. 1984; Weiss et al. 1984).

The solution structure of the single stranded 11-mer

Because the magnitude of the pre-steady state NOE
is proportional to 7%, the relative magnitudes of the
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Table 1. Resonance assignments for the single-stranded DNA 11-mer determined by NOE measurements and homonuclear J-correlated
spectroscopy. Chemical shifts (ppm from DSS) are at 30° C. The A(H2) protons resonate at 7.97 ppm (peak 57), 7.95 ppm (peak 56),
7.92 ppm (peak 55), and 7.85 ppm (peak 52) but have not been assigned to the individual adenine residues. This is because the A(H2) are
=5 A from the other non-exchangeable protons and hence are not part of the cross-relaxation network used in the NOE assignment

procedure (see Fig. 3)

Residue Chemical shift (ppm) of protons (peak No.)
H8 Ho6 CH, H1’ H2' H2" H3’ H4' HS H5"

Al 7.91 (54) 5.99(43) 216 (7) 241(10) 477(34) 418(26) 3.69(17)  3.69 (17)
A, 8.10 (58) 5.94(40)  2.56(12) 2.59(13) 4.95(36)  4.35(30)

G, 7.85 (52) 5.85(38)  2.56(12) 2.56(12) 4.95(36) 4.32(29) 4.18(26)  4.12(25)
T, 726(49)  1.63(2)  5.97(42) 1.83 (6) 225 (9) 473(33) 4.04(21)

Gs 7.87 (53) 5.95(41)  2.59(13)  2.68(14) 4.88(35) 430(28) 4.05(22)  4.05(22)
Ts 7.23(48)  1.60(1)  5.94(40) 178 (5) 216 (7) 4.73(33) 4.12(25)

G, 7.80 (51) 5.65(37)  2.49(11) 2.49(11) 4.88(35) 4.24(27) 4.00(20)  3.94(19)
Ag 8.25 (59) 6.18(45) 2.71(15) 2.71(15) 4.95(36)  4.35(30)

Ty 722(47)  1.65(3)  5.90(39) 1.83 (6) 222 (8) 477(34) 4.18(26)

A 8.29 (60) 6.27(46) 276 (16) 2.76(16) 4.95(36) 438(31) 4.12(25)  4.10 (24)
Tn 743(50)  1.67(4)  6.11(44) 225 (9) 225 (9) 4.52(32) 4.07(23)

5 —3 A A G T, G T, G oA Ty Ag Ty nucleotide NOEs would be observed between the
AT HVHE o e -06—o oo o o o o H8/H6 and H3’ protons and small ones between the
HZ/H2" HB/H6 R SIS S P H8/H6 and H2' protons. In the case of Gs, the
I CH — o o+ >~ sugar-base NOEs between the H1', H2', and H2"
HZ/HZ CHy o o—o —e o—o sugar protons and the HS base proton are approxi-
He/HE  CHy o o o oo mately equal and much larger than the NOE between
H8/H6  H8/H6 D gy S— the H3' and H8 protons. This is consistent either with
3 Hé o a mixture of syn and anti conformations or with a low

Fig. 5. Diagrammatic summary of the observed internucleotide
NOE:s for the single-stranded DNA 11-mer

NOEs (see Table 2) provide a sensitive probe with
which to obtain a qualitative picture of the solution
structure of the single-stranded 11-mer. In view of the
much greater inherent flexibility of single-stranded
DNA oligonucleotides relative to their dou-
ble-stranded counterparts, no attempt has been made
to calculate interproton distances from the NOE data
using the NOEs arising from protons a known fixed
distance apart as internal standards.

Considering the intranucleotide NOEs first, we
note that with the exception of residues A; and Gs,
N2 -ngme > Nui-nsms = Nus-ngme for the sug-
ar-base NOEs and Ny 1 > Nygy—mo ~ N
for the intra-sugar NOEs (sce for example Fig. 4B,
D—F). This pattern of NOEs is indicative of an
anti-conformation about the glycosidic bond within
the range y ~ —115=*30° and a deoxyribose
conformation in the Cl'-exo to C2’-endo range
(Clore and Gronenborn 1983, 1984), characteristic of
B-DNA (Arnott and Hukins 1972; Dickerson and
Drew 1981). In A-DNA, the conformation about the
glycosidic bond in low anti (y ~ —154°) and the sugar
pucker 3’-endo (Arnott and Hukins 1972; Conner et
al. 1982; Shakked et al. 1983) so that large intra-

syn conformation with y in the range —20 £ 15°. In
the case of residue A, Nyy_1s > Nio—ps > Nygor—pig
> N3 g (see Fig. 4C) which is consistent with a syn
conformation with y ~ 60 = 20°. The sugar pucker
conformation of residues A, and Gs, as judged by the
intra-sugar NOEsinvolvingthe H1',H2’ ,H2”", and H4'
protons also lie in the Cl’-exo to C2'-endorange.

The sugar pucker can also be ascertained from the
Ji coupling constant from the approximate empir-
icial relationship %|[2'-endo] ~ 10Jy. (Lee and
Tinoco 1980; Cheng et al. 1982). Because of the
resonance overlap, we can only resolve J.,- for eight
out of the 11 residues, namely A; (9.3 Hz), G; (8.7
Hz), T, (9.0 Hz), G; (7.3 Hz), Ag (7.1 Hz), T, (8.6
Hz), Ay (6.9 Hz), and Ty; (6.9 Hz). Thus the degree
of 2'-endo conformational purity lics in the range
69%—93%.

With the exception of the NOEs involving the
H8/H6 protons of adjacent residues, all the internu-
cleotide NOEs exhibit directional specificty (see
Fig. 5). In particular, internucleotide NOEs are
observed between the methyl protons of the T
residues and the H8/H6 proton of the adjacent 5
residue but not of the adjacent 3’ residue (see, for
example, Fig. 4A). Similarly, internucleotide NOEs
are observed between the H1', H2', and H2" sugar
protons of a given residue and the H8/H6 and methyl
protons of the adjacent 3’ residue but not of the
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Table 2. Magnitudes of the pre-steady state NOEs (irradiation time 1 s) observed for the single-stranded DNA 11-mer. The experimental

conditions are the same as those in the Fig. 1 legend

A. Intranucleotide NOEs

Proton Pair NOE (%)

Ay Ay Gy Ty Gs Ts G, Ag Ty Ay Tu
Intra-sugar
H1'-H2' -2 -3 _ -4 2 -3 _ _ -3 _ _
H1'-H2" -8 2 } 14 - 8 -7 -9 } 15 } 16 -9 } i } 8
H1-H4' -1 -3 -3 -2 — 4 -2 -2 ~2 -2 -2 -1
H2/_H2rr —-10 d c e —15 —15 c c e c c
H2'-H3' —- 4 b b f -6 f _
H2''-H3' -3 -2 b -3 4 -1 } 2 } 20 -4 } 10 } -7
H3'-H4' b g -5 -4 -5 - 4 -6 g h -3 -1
Sugar-base
H1'-H8/H6 -5 -3 -4 -2 -7 2 -7 -3 -~ 3 -2 -1
H2'-H8/H6 -3 -8 _ -11 -6 -11 _ _ —11 _ _
H2-HS/HE — — 1 -2 } o —6 -3 } 2 } 0, } 12 } 4
H3-H8/H6 =< — 0.5 -1 -1 -1 -1 - 0.5 -2 -1 -2 -1 -1
Intra-base
H6-CH, —-10 -10 -9 —4
B. Internucleotide NOEs
Proton of Proton of NOE (%)
5'nucleo- 3'nucleo-
tide tide ApA;  ApG;  GpTy  TypGs  GspTs  TepGr GipAg  AgpTy  TgpAy  ApTh
H1’ H8/H6 -0.5 -2 -1 -1 -1 -2 -0.5 -0.5 -0.5
H1' CH, -3 -2 -1 -1
H2' H8/H6 -1 _ -1 -3 -1 _ _ -1 _
H2" H8/H6 -2 } 6 -2 -3 -1 } > } 6 -1 } 3
H2' CH; B -1 B B
H2" CH, } 2 -1 } 2 } 1
H8/H6 H8/H6 -1 -0.5 -0.5 -0.5 -0.5
HS8/H6 CH;, -3 -3 -3 -2
H3' H6 -0.5

2 A NOE of —17% is observed between peak 13 [G5(H2') and A,(H2'’)] and peaks 41 [G5(H1')] and 40 [A,(H1"}] but cannot be resolved
owing to the very close proximity (~ 6 Hz) and relatively large line widths of peaks 41 and 40

b A NOE of —26% is observed between peak 12 [A,(H2'), G3(H2'), and G3(H2'")] and peak 36 [Ay(H3') and G5(H3")]

¢ The H2' and H2" resonances of G; (peak 12), G; (peak 11), Ag (peak 15), Ay (peak 16), and Ty (peak 9) are superimposed

4 The NOE between the H2’ (peak 12) and the H2'' (peak 13) resonances of A, cannot be quantitated as they are separated by only 13 Hz

and their line widths are broad

¢ A NOE of —30% is observed between peak 6 [T,(H2') and To(H2'")] and peaks 8 [To(H2'')] and 9 [T,(H2'")] but cannot be resolved
owing to the close proximity (~ 15 Hz) and large line widths of peaks 8 and 9

f ANOE of —9% is observed between peak 33 [T4(H3") and T4(H3')] and peaks 5 [T,(H2')] and 6 [T,(H2'")] but cannot be resolved owing
to the close proximity (~ 20 Hz) and large line widths of peaks 5 and 6

8 A NOE of —10% is observed between peak 36 [A,(H3’) and Ag(H3’)] and peak 30 [Ax(H4') and Agx(H4')}

b A NOE of —8% is observed between peak 34 [A(H3') and To(H3')] and peak 26 [A;(H4') and To(H4")]

adjacent 5’ residue (see for example Fig. 4A, B,
D—F). This pattern of internucleotide NOEs is only
compatible with a right-handed helical structure in
which the bases are stacked (Reid et al. 1983a; Feigon
et al. 1982; Clore and Gronenborn 1983, 1984,
Gronenborn et al. 1984). In addition, the internu-
cleotide NOEs between the H2' and H2" protons and
the H8/H6 proton of the adjacent 3'-residue are
smaller than the intranucleotide NOEs between the

H2' and H8/H6 protons. This confirms the overall
B-type geometry, as in the A conformation the
internucleotide distance between the H2' proton and
the H8/H6 proton of the adjacent 3'-residue is much
shorter than the intranucleotide H2'-H8/H6 distance
(Reid et al. 1983a, b; Clore and Gronenborn 1983,
1984). Finally, the extensive stacking of the bases is
confirmed by the observation of internucleotide
NOEsbetweenthe H8/Hb6protonsofadjacentresidues.



Concluding remarks

In the present paper we have demonstrated the
combined power of one-dimensional pre-steady state
NOE measurements and two-dimensional homonu-
clear J-correlated spectroscopy in obtaining virtually
complete resonance assignments for a relatively long
single-stranded DNA oligonucleotide, namely an
11-mer. The relative magnitudes of the NOEs are
readily interpretable in a qualitative manner to yield
low resolution structural information. In the case of
the 11-mer, the NOE data are indicative of an overall
right-handed B-type conformation with extensive
base stacking. It therefore seems likely that most of
the favourable enthalpy driving helix formation in
DNA can be attributed to base stacking interactions
given that inter-residue hydrogen bonding interac-
tions are not available in single-stranded DNA. A
similar conclusion has been reached on the basis of
thermodynamic studies of the helix-coil transition
(Turner et al. 1981). Within the overall B-type
structure, there is quite a large degree of variability,
as illustrated, for example, by the variation in sugar
pucker within the C1'-exo to C2'-endo range and the
departure from the anti-conformation about the
glycosidic bond for residues A (syn) and G; (low syn
or a syn/anti mixture). In this respect it is interesting
to note that a previous NOE study on the sin-
gle-stranded DNA tetramer 5'd ATGT showed that
the first residue dAp was in the syn conformation and
the dG residue existed as a syn/anti mixture (Neu-
mann et al. 1982). Thus, the syn conformation may
represent an intrinsic conformational preference of
the first dAp residue, and indeed is the preferred
conformation of 3’AMP (Ap) (Gueron et al. 1973).
Similarly, the syn/anti mixture may be a characteristic
of a dG residue flanked by a dT residue on its 5’ and
3’ sides.

Finally, it should be pointed out that although
single-stranded DNA is obviously more flexible than
double-stranded DNA, the single-stranded DNA
11-mer definitely possesses substantial order in
solution under the experimental conditions em-
ployed. This is further supported by optical melting
studies which indicate that the 11-mer melts in a
cooperative manner (Tm ~ 36° C) and that at 30° C
less than 20% of the 11-mer is in a disordered state
(unpublished data). The local structural variations
are most likely influenced by base sequence and the
overall structure of the single strand is similar to the
structure adopted by an individual single strand in
double-stranded B-DNA. Thus the single helical
structure is potentially able to adopt a double helical
structure with minimal conformational adjustments.
It is also important to bear in mind that the NOE data
do not permit one to define a unique structure fo the
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single-stranded 11-mer in solution since NOE data,
although of high quality, are limited to very
close-range (< 5 A) ordered structures. Indeed, the
data are entirely compatible with a conformational
equilibrium between different but closely related
species within the constraints of an overall
right-handed B-DNA helical geometry.
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